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Available online 14 October 2015AbstractNickel substituted lithium nano ferrites with the chemical composition Li0.5e0.5xNixFe2.5e0.5xO4 (0.0  x  1.0) were prepared by Citrate-gel
method. The single phase cubic spinel structure of the ferrites was confirmed by X-ray diffraction analysis. Surface morphology and particle size
of the samples was studied using Transmission Electron Microscopy (TEM). The TEM micrographs reveal that the particle size of the samples
was in the nanometric range confirming the nano crystalline nature. The FTIR spectra shows the two significant absorption bands in the wave
number range of 400e600 cm1 arising due to the inter-atomic vibrations in the tetrahedral and octahedral coordination compounds. The
dielectric parameters like dielectric constant (ε0), dielectric loss tangent (tan d) and AC conductivity (sac) of the samples were measured using
LCR meter at room temperature in the frequency range 20 Hze2 MHz ε0, tan d and sac of the samples show a normal dielectric behavior of
ferrites with frequency which indicates the fact that the dielectric dispersion is due to the hopping of electrons between the Fe2þ and Fe3þ ions.
Thermo Electric Power (TEP) studies of LieNi ferrites were measured using differential method in the temperature range of 473e873 K.
Seebeck coefficient (S) of the prepared ferrites was increased with increasing temperature.
© 2015 The Chinese Ceramic Society. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Ferro-spinels have interesting structural, electrical and
magnetic properties. They are widely used in many important
applications such as microwave devices like circulators, phase
shifters, memory cores, magnetic recording media, trans-
formers, choke coils, high frequency instruments, data storage,
noise filters and recording heads, owing to their high magnetic
permeability and low magnetic loss [1]. The usefulness of a
ferrite material for microwave devices is influenced by phys-
ical and chemical properties which in turn depend on the
method of preparation [2]. For obtaining the required prop-
erties, selection of the ferrite composition and nature of sub-
stituent ion is most important besides sintering temperature* Corresponding author. þ919550083100 (mobile).
E-mail address: raghasudha_m@yahoo.co.in (M. Raghasudha).
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creativecommons.org/licenses/by-nc-nd/4.0/).and time. The valence state of doping ions in the selected
ferrite composition influences the structural, electrical and
magnetic properties of ferrite material.
Ferrite materials are low mobility semiconducting iron ox-
ides. Unlike most materials, they possess high permeability and
moderate permittivity at different frequencies. Due to their
small eddy current losses, they possess wide range of electronic
applications in terms of energy production, transmission and
telecommunication applications. At present, ‘nano ferrites’ has
been the subject of many scientists all over the world because of
novel properties exhibited by nano-particles. The properties of
bulk material vary drastically when their size approaches the
nano-scale [3]. In ferrites, grain size reduction and grain
boundary modifications results in high frequency properties
such as resistivity and quality factors. Smaller grain size will
provide large number of grain boundaries as barriers for the
electron hopping between the different ions so as to increase the
resistivity and decrease the eddy current losses in ferrites [4].er B.V. This is an open access article under the CC BY-NC-ND license (http://
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become most attractive materials for microwave applications
especially as a replacement for garnets. Mixed lithium ferrites
have low cost, square hysteresis loop, high Curie temperature
that make them promising materials for microwave applica-
tions [5e7].
Nano-crystalline ferrite materials can be synthesized by
various preparation techniques including glass-ceramic
method [8], hydrothermal method [9], solegel method [10],
co-precipitation method [11], and citrate-gel method [12].
Many scientists have studied the frequency dependence on the
dielectric properties of LieCo [13], LieMg [14], LieGe [15].
Among the various preparation methods citrate-gel auto-
combustion method has attracted the attention of solid state
chemist, physicist and material scientist etc. due to the fact
that the product with high purity, good homogeneity and low
particle size can be obtained. This is because the mixing of
constituent cations takes place on atomic scale in the precursor
itself, thereby lowering the sintering temperature during the
formation of required ferrites. Moreover, novel properties for
the product were observed in this method of preparation [16].
Some authors have synthesized nickel substituted lithium
ferrites by ceramic method with high sintering temperature
[17]. However, there is no detail report on Ni substituted
Lithium nano ferrites prepared by citrate-gel auto combustion
method with low sintering temperature.
In the present work, the authors report the structural
properties of LieNi nano crystalline ferrites with XRD, TEM
and FTIR analysis with the detailed investigation of the
composition. Frequency dependence of the dielectric proper-
ties and thermo electric power studies of the samples with the
results were discussed.
2. Experimental
Ni substituted Lithium ferrites with compositional formula
Li0.5e0.5xNixFe2.5e0.5xO4 (where x ¼ 0.0 to 1.0) with a step
increment of 0.2 have been prepared by low temperature cit-
rate gel auto combustion method with the following raw ma-
terials as starting chemicals:
(i) Ferric nitrate (Fe(NO3)29H2O)
(ii) Nickel nitrate (Ni(NO3)26H2O)
(iii) Lithium nitrate (LiNO3)
(iv) Citric acid (C6H8O7$H2O) and Ammonia solution
(NH3).
The detailed procedure for the preparation of ferrites by
citrate-gel auto-combustion method was explained in our
earlier publication [18]. The synthesized powders were sin-
tered at 500 C for 4 h in air at a slow heating rate of 5

C/min
and then furnace cooled. X-ray diffraction analysis of the
prepared ferrite powders were performed by using Philips X-
ray diffractometer with Cu Ka radiation of wavelength
1.5405 Ao. The average crystallite size of the ferrites was
determined from the measured width of their diffraction
pattern using the Debye Scherer's formulaD¼ 0:91l
b cos q
ð1Þ
Where l-the wavelength of the x-ray used for diffraction,
b e full width half maximum (FWHM) in radians.
q e diffraction angle.
The lattice constant ‘a’ was calculated using the following
relation
a¼ dh2þ k2 þ l2
1 =
2 ð2Þ
where d-inter planar distance, hkl-miller indices
Hopping length for tetrahedral site (dA) and octahedral site
(dB) can be calculated using
dA ¼ 0:25a
ﬃﬃﬃ
3
p
A0 & dB ¼ 0:25a
ﬃﬃﬃ
2
p
A0 ð3Þ
The morphology of prepared ferrites was investigated using
Transmission Electron Microscopy with a JEOL 2000 electron
microscope operating at 200 kV.
The FTIR spectra of the ferrite samples as pellets in KBr
were recorded by SHIMADZU FTIR spectrophotometer in the
frequency range of 400e600 cm1
For the thermo electric power measurements, the synthesized
powders were made in the form of circular pellets (diameter e
13mmand thicknesse 2mm)using2%polyvinyl alcohol (PVA)
as binder under a pressure of 5 tons for 1e2 min. These pellets
were finally sintered at 500 C for 4 h and then slowly cooled to
room temperature. Pellets were then coated on either side with a
thin layer of silver paste to have good electrical contact.
Agilent E4980A Precision LCR meter was used for the
dielectric measurements of the prepared pellets by using bel-
low formulae [19,20].
Real part of dielectric constant ðε0Þ ¼ C d=A ε0 ð4Þ
Imaginary part of dielectric constant ε
00 ¼ ðε0Þ tan d ð5Þ
AC conductivity sac ¼ 2pf εoðε0Þ tan d ð6Þ
Where C e capacitance of the pellet in faraday
tand e dielectric loss tangent.
ε0 e permittivity of free space ¼ 8.85  1012 F/m
f e frequency
Thermo electric power measurement studies on the pre-
pared pellets were carried out by differential method from
320 K to well beyond Curie temperature. The pellet was kept
between the hot and cold junctions of the method. The tem-
perature difference between two ends of the sample was kept
at 10 K throughout the measured temperature range. The
thermo emf was produced across the sample as the charge
carriers (electrons or holes) diffused from the hot junction to
the cold junction due to the temperature gradient DT in degree
Kelvin maintained across the sample.
Table 1
Lattice parameter, Crystallite size andhoping length for Li0.5e0.5xNixFe2.5e0.5xO4
ferrites.
Ferrite
composition
Lattice
parameter (Å)
Crystallite
size (nm)
Hopping length
A-site (dA) B-site (dA)
Li0.5Fe2.5O4 8.356 41.90 3.618 2.953
Li0.4Ni0.2Fe2.4O4 8.356 39.54 3.618 2.954
Li0.3Ni0.4Fe2.3O4 8.358 45.35 3.619 2.954
Li0.2Ni0.6Fe2.2O4 8.361 49.90 3.620 2.955
Li0.1Ni0.8Fe2.1O4 8.368 41.30 3.623 2.958
NiFe2O4 8.374 43.01 3.626 2.960
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was calculated using the following relation [21].
S¼ DE
DT
ðmV=KÞ ð7Þ
where DE is the thermo electro motive force produced across
the two ends of the sample which is measured by using a
digital micro voltmeter and the DT is the temperature differ-
ence between the two surfaces of the pellet which is measured
by two chromel-alumel thermocouples that were kept very
close to the sample. For achieving good thermal stability,
thermo emf values were measured while cooling.
The carrier concentration values of the prepared samples
were calculated using the following relation
n¼ NeðSe=KÞ ð8Þ
where N e concentration of electronic levels involved in the
conduction process
S e Seebeck coefficient
e e electron charge, K e Boltzmann constant.
Ferrites are low mobility semiconductors having exceed-
ingly narrow bands or localized levels, so value of N can be
taken as 1022/mL [22].
3. Results and discussions3.1. X-ray diffraction analysisThe X-ray diffraction pattern of the prepared Ni substituted
Lithium nano ferrites were shown in Fig. 1.
The diffraction patterns confirmed the well defined homo-
geneous single phase cubic spinel structure of the samples
without any impurity peak belonging to the space group P4332
(confirmed by JCPDS No.88-0671).Fig. 1. XRD pattern of the nano crystalline Li0.5e0.5xNixFe2.5e0.5xO4 ferrites.All the diffraction peaks were indexed as (220), (311),
(400), (422), (511) and (440) that confirm the pure spinel
phase of the prepared ferrites. Crystallite size of the prepared
samples measured from the X-ray analysis by Debye Scherer's
formula was in the range of 39e49 nm as shown in Table 1.
From the table it is clear that with increase in Ni composition
in the LieNi ferrites, Lattice parameter of the prepared sam-
ples was increased. This was expected because six fold co-
ordinated ionic radius of the Ni2þ (0.78 Å) was greater than
the six fold co-ordinated ionic radii of the Liþ (0.76 Å) and
Fe3þ(0.67 Å) ions.
Hopping length of A-site and B-site was observed to be
increased with increase in the Ni composition. This is because,
hopping length of the sites were directly proportional to the
lattice parameters of the samples. The variation of lattice
parameter (Å) and hopping length of A-site with Ni compo-
sitions were shown in Fig. 2a and b respectively.3.2. FTIR spectral analysisThe FTIR spectra of nickel substituted lithium ferrites
measured in the frequency range of 400 cm1e600 cm1 were
shown in Fig. 3. From the figures, it is noticeable that the two
main absorption bands appeared common in almost all spinel
ferrites of the ferrite system under investigation. These absorp-
tion bands are observed around 600 cm1 and 400 cm1
respectively and are summarized in Table 2. These bands
correspond to the stretching vibrations of tetrahedral (A) (n1) and
octahedral (B) (n2) sites respectively which represent the char-
acteristic feature of single phased spinel ferrites [23].
The observed larger n1 values of the prepared ferrites
compared to the n2 values indicates the normal mode of vi-
bration in these ferrites. This is because of shorter bond length
of A-site compared to that of B site. In LieNi ferrites, an
absorption band n3 was observed for x < 0.6, the values of
which are summarized in Table 2. According to Tarte [24], the
recorded band n3 indicates the presence of LieO complexes
on the octahedral sites. The intensity of this band goes on
decreasing with increase in the nickel substitution in the sys-
tem. This is because, Liþ content decrease with increase in x,
so it persists only up to x ¼ 0.6 and then it completely dis-
appears [25]. The shift occurred in the absorption band n1, n2
for each A and B sites are due to the perturbation occurring in
the FeeO band by introducing Ni composition in the LieNi
mixed ferrites.
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Fig. 2. a. Variation of lattice constant of Li0.5e0.5xNixFe2.5e0.5xO4 ferrites with
Ni composition. b. Variation of hopping length of A site (dA) of Li0.5e0.5x-
NixFe2.5e0.5xO4 ferrites with Ni composition.
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band (n1) appeared in the range of 549e552 cm
1, octahedral
vibrational band (n2) in the range of 414e430 cm
1 and LieO
band (n3) in the range of 444e458 cm
1.3.3. TEM analysis of LieNi ferritesThe particle size, shape and size distribution are important
morphological characteristics for a nano scaled material [26].
Transmission electron microscopy (TEM) provides a direct
information about these characteristics. TEM micrographs of
the prepared LieNi ferrite samples annealed at 500 C for 4 h
are shown in Fig. 4 which are nearly spherical in shape. The
average particle size observed from the TEM micrographs
suggests the formation of single crystals [27].3.4. Dielectric propertiesThe dielectric properties of the ferrites depends on the
several factors including method of preparation, sintering
time, sintering temperature, particle size, type and amount of
substitution, etc. Dielectric parameters at room temperature in
the frequency range of 20 Hze2 MHz were calculated using
the relations 4, 5, 6. The frequency dependence of real part of
dielectric constant (ε0) and imaginary part of dielectric con-
stant (ε00) at room temperature were shown in Fig. 5 (a) and
(b). From the figures, it is clear that the value of ε0 and ε00
decreases continuously with increasing frequency. After
certain frequency, the dielectric parameters do not change with
frequency i.e. become independent of frequency. This fact
shows a normal behavior of ferromagnetic materials.
The variation of dielectric constant with frequency may be
explained on the basis of space-charge polarization phenom-
enon [28]. According to this, dielectric material has well
conducting grains separated by highly resistive grain bound-
aries. On the application of electric field, space charge accu-
mulates at the grain boundaries and voltage drops mainly at
grain boundaries [29]. Koops proposed that grain boundary
affect is more at low frequencies [29]. As the frequency
increased beyond a certain limit the electron exchange be-
tween Fe2þ and Fe3þ ions does not follow the variations in
applied field, so the value of dielectric constant becomes
constant.
The variation in the dielectric parameters with frequency in
ferrites was through a mechanism similar to the conduction
process [30]. The electron exchange between Fe2þ and Fe3þ
ions results in local displacement of electrons in the direction
of applied field that determines polarization. The Polarization
decreases with increasing frequency, and then reaches a con-
stant value. It is due the fact that beyond a certain frequency of
external field, the electron exchange Fe2þ↔Fe3þ cannot
follow the alternating field. The high value of dielectric con-
stant at lower frequency is due to the predominance of the
species like Fe2þ ions, oxygen vacancies, grain boundary de-
fects, etc [31] while the decrease in dielectric constant with
frequency is natural, i.e. any species contributing to the
polarizability is found to show the applied field lagging behind
at higher frequencies [32]. Hence, the electron conduction
mechanism can be explained by electron hopping between the
same element having the different ionic states (Fe3þ/Fe2þ and
Ni2þ/Niþ) [33].
Variation of loss tangent of the material with frequency
was shown in Fig. 6. From the figure, it is observed that tan d
decrease with increase in frequency and the values were very
small at high frequencies. Hence, these materials are desirable
for high frequency microwave device applications. The vari-
ation of dielectric constant of LieNi nano ferrites with Ni
composition was shown in Fig. 7. From the figure, it is
observed that room temperature dielectric constant decreased
with increase in Ni concentration after an initial rise of Ni
concentration from 0.0 to 0.2. It is seen that as Ni content is
increased there is a decrease in the Fe3þ ions at the B-sites
thereby decreasing the hopping of electrons, that results in
Fig. 3. FTIR absorption spectra of the Li0.5e0.5xNixFe2.5e0.5xO4 ferrite samples (0.0  x  1.0).
352 G. Aravind et al. / J Materiomics 1 (2015) 348e356decrease in piling up of electrons at the grain boundary.
Therefore, the dielectric constant decreases. The same
anomalous behavior was also observed by some researchers
[34].Table 2
Band positions of the LieNi ferrites estimated from the FTIR spectroscopy.
Composition n1 (cm
1) n2 (cm
1) n3 (cm
1)
Li0.5Fe2.5O4 552 430 446
Li0.4Ni0.2Fe2.4O4 549 423 458
Li0.3Ni0.4Fe2.3O4 550 420 449
Li0.2Ni0.6Fe2.2O4 552 414 444
Li0.1Ni0.8Fe2.1O4 553 433 e
NiFe2O4 550 422 eFrequency dependence of AC conductivity of the prepared
ferrites was shown in Fig. 8. From the figure, it is observed
that the AC conductivity of the prepared samples shows
dispersion with respect to frequency. At lower frequencies, AC
conductivity is almost constant. But, after certain frequency it
increases rapidly. This behavior can be explained by Koop's
theory [35], which supported that the ferrite material act as a
bilayer condenser. According to Koop's bilayer model in
ferrite, first layer is a conducting layer consisting conducting
ferrite grains which is separated by a second layer of poorly
conducting intermediate grain boundaries. Koops proposed
that grain boundary effect dominates at lower frequencies
resulting in low conductivity. With increase in frequency the
Fig. 4. TEM micrographs of nano crystalline Li0.5e0.5xNixFe2.5e0.5xO4 ferrites (x ¼ 0.0 to 0.8).
Fig. 5. Variation of (a) real part of dielectric constant (ε0) and. (b) imaginary part of dielectric constant (ε00) with frequency.
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Fig. 6. Variation of Loss Tangent with frequency of Li0.5e0.5xNixFe2.5e0.5xO4
ferrites. Fig. 8. Variation of AC conductivity with frequency of Li0.5e0.5xNix-
Fe2.5e0.5xO4 ferrites.
354 G. Aravind et al. / J Materiomics 1 (2015) 348e356conductive grains becomes more dominating resulting in
promoting the hopping between Fe2þ and Fe3þ ions and hence
the conductivity increases.3.5. Thermo electric power studiesThe Variation of Seebeck coefficient (S) with temperature
of the prepared LieNi ferrites was shown in Fig. 9. From the
figure, it was observed that all the samples show similar
thermal variation with S and the value of S increases with
increase in the temperature.
At low temperature, positive value of S shows p-type semi
conducting nature of the prepared ferrites. By increasing the
temperature, the sample has changed to n-type semiconductor
behavior. The probable conduction mechanisms in the spinel
ferrite system under investigation are
Fe2þ↔Fe3þ þ eðn type or electron exchange mechanismÞFig. 7. Variation of dielectric constant (ε0) with Ni composition.Ni2þ↔Ni1þ þ eþðp type or hole exchange mechanismÞ
The preponderance of onemechanism over the other depends
upon the concentration of substituted cation and temperature. If
the hole exchange mechanism dominates over the electron ex-
change mechanism, the ferrite composition might conduct as p-
type semiconductor or vice versa. On increasing the temperature
the n-type of conduction mechanism becomes more probable
which generates electrons and the material behaves as n-type
semiconductor at higher temperature. Hence the material was
behaving as p-type semiconductor at low temperature region
and changes to n-type at high temperature region.
LieNi ferrite samples show an increasing trend in Seebeck
coefficient with temperature which indicates that more n-type
charge carriers (electrons) are released with an increase in tem-
perature.At a particular temperature anabrupt changewasoccurred
which is calledCurie temperature. From the figure, one can say thatFig. 9. Variation of Seebeck coefficient with temperature of
Li0.5e0.5xNixFe2.5e0.5xO4 ferrites.
Fig. 10. Variation of Curie temperature with Ni composition.
355G. Aravind et al. / J Materiomics 1 (2015) 348e356the Curie temperature of the prepared samples decreased with in-
crease in the Ni concentration in the LieNi ferrite system (see
Table 3).
Variation of Curie temperature with Ni composition of the
prepared ferrites was shown in Fig. 10. The decrease in Curie
temperature by increasing the Ni doping can be understood on
the basis of the number of magnetic ions present in the two
stable sub lattices and mutual interaction. An increase in the
Ni2þ at the octahedral site has replaced the Fe3þ at this site.
This leads to the decrease in the AB interaction of the type
Fe3þA e O
2 e Fe3þB. Curie temperature depends on overall
strength of AB exchange interaction, so the weakening of the
Fe3þA e O
2 e Fe3þB interaction results in a decrease in Curie
temperature of prepared LieNi ferrites [36].
Carrier concentration of the prepared samples was calculated
at 500K. It can be seen from theTable 3 that among all themixed
LieNi spinel ferrites, the compositionLi0.1 Ni0.8Fe2.1O4was
having the highest values of carrier concentration.
4. Conclusions
Ni2þ ions when substituted in the basic lithium ferrite affect
its structural and dielectric properties. The crystallite size of the
prepared samples was in the range of 39e49 nm which reveals
the nano crystalline structure. An increase in the NiTable 3
Seebeck coefficient, Carrier concentration, Curie temperature of LieNi
ferrites.
Composition Seebeck
coefficient (mV/K)
Carrier
concentration (n)
Curie
temp (K)
Li0.5Fe2.5O4 3.26  1022 >900
Li0.4Ni0.2Fe2.4O4 3974 1.59  1022 857
Li0.3Ni0.4Fe2.3O4 4648 1.15  1022 839
Li0.2Ni0.6Fe2.2O4 5350 1.61  1022 828
Li0.1Ni0.8Fe2.1O4 5670 3.64  1022 812
NiFe2O4 6100 3.04  1022 774concentration increase the lattice parameter and hopping length
of A-site and B-site. The dielectric constant and dielectric loss
tangent were observed to decrease with the increase in fre-
quency, which was the common nature of any semiconducting
ferrites. The AC conductivity of the prepared samples was
observed to increase with increasing the frequency. Seebeck
coefficient of the prepared LieNi ferrite sampleswere increased
with increase in temperature. Curie temperature of the samples
was observed to be decreased with increasing Ni concentration
in the LieNi nano crystalline ferrites.
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